Abstract Allosteric regulation is a ubiquitous phenomenon exploited in biological processes to control cells in a myriad of ways. It is also of emerging interest in the design of functional proteins and therapeutics. Even though allostery was proposed over 50 years ago and has been studied intensively from a structural perspective, many key details of allosteric mechanisms remain mysterious. Over the last decade significant attention has been paid to the Bdynamic component^of allostery, as opposed to the analysis of rigid structures. Nuclear magnetic resonance spectroscopy and its ability to detect conformationally dynamic processes at atomic resolution have played an important role in expanding our understanding of allosteric mechanisms and opening up new questions. This article focuses on work that highlights how protein dynamics can factor into allosteric processes in distinct ways. Two cases are contrasted. The first considers the Btraditionally allostericp rotein CheY, which undergoes a conformational change as a key element of its allostery. The second considers the more rarely observed Bdynamic allostery^in a PDZ domain, in which allosteric behavior arises from changes in internal structural dynamics. Interestingly, the dynamic processes in these two contrasting examples occur on different timescales. In the case of the PDZ domain, subsequent experimental and computational work is reviewed to reveal a more complete picture of this interesting case of allostery.
Introduction
In recent years, our appreciation of the ways in which proteins achieve allosteric effects have expanded significantly. Many new insights have arisen from the realization that dynamics are likely to play a central role in mediating allosteric control (Lee 2013; Manley and Loria 2012; Motlagh et al. 2014; Tsai et al. 2009; Tzeng and Kalodimos 2011; Zhuravlev and Papoian 2010) . This is obviously true for cases of allostery in the absence of conformational change (Tsai et al. 2008 ), but a dynamics-based perspective has also infused insight into mechanistic possibilities for Btraditional^allostery, in which the conformational change is viewed as the critical event responsible for a change of activity away from the effector site. To highlight different allosteric mechanisms that employ dynamics as an essential feature, two systems under study in my laboratory will be reviewed here. The first, the bacterial flagellar motor regulatory protein CheY, is a model for traditional allostery because it utilizes a conformational change. While the conformational change is ultimately responsible for CheY's increased affinity for its target protein, CheY undergoes intrinsic dynamic switching on the microsecond-millisecond (μs-ms) timescale that enables the allosteric structural transition. The second system, the third PDZ domain from postsynaptic density-95 (BPDZ3^from PSD-95), does not appear to undergo any significant conformational changes, and the allosteric effect is mediated by changes in side-chain dynamics on the picosecond-nanosecond (ps-ns) timescale. For both of these proteins and for countless other allosteric systems, nuclear magnetic resonance (NMR) spin relaxation is an indispensable tool for detecting and quantifying molecular motion with residue-level resolution. Assessment of motion at this detailed level, along with accurate timescale information, will be needed for a breakdown of how allostery actually happens and what drives allosteric events. This review therefore has the dual purpose of underscoring the diversity in how proteins achieve allostery and emphasizing that NMR spectroscopy is a critical tool for identification and further characterization of allosteric mechanisms.
Allostery and dynamics in CheY
A major goal of structural studies of allosteric mechanisms is to use NMR and the detailed information it can provide to quantitatively characterize dynamic conformational switching events in allosteric proteins. This, however, is challenging as the great majority of well-known allosteric proteins are large and multimeric. As a result there are very few such studies with Blarge^proteins (by NMR standards, >25 kDa) since high-quality relaxation data are needed for quantitative analysis of switching rate constants and structural features that can yield insights into allosteric processes. Nevertheless, there are a number of very good NMR relaxation studies on larger proteins, many of which are allosteric (Lipchock and Loria 2010; Shi and Kay 2014; Tzeng and Kalodimos 2012; Venditti et al. 2015) . Kern, Wemmer, and colleagues recognized that Bresponse regulator^(RR) proteins could be useful for characterizing the dynamic aspects of allostery through NMR relaxation (Volkman et al. 2001) . The so-called receiver domains of RRs undergo a conformational change upon phosphorylation of an aspartyl side chain, allowing a distal surface of the receiver domain to bind with greater affinity to its targets, which are variable depending on the RR (Bourret 2010) . Even though receiver domains are essentially monomeric, most researchers consider this state to be true allostery: a change in activity distant from the site of phosphorylation. While the Kern lab pioneered studies of dynamics in the RR receiver domain NtrC (nitrogen regulatory protein C) using NMR combined with mutational studies, the rate at which NtrC switches is rather fast for straightforward characterization of switching motions using Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion methodology (Gardino et al. 2009) , which is briefly overviewed in Fig. 1 . By contrast, the RR CheY, which consists only of a receiver domain, has the same general allosteric features as NtrC but switches intrinsically at a slower rate (McDonald et al. 2012 ) such that CPMG relaxation dispersion has greater potential. Thus, CheY appears to be a bona fide allosteric protein that operates via conformational switching between low-and high-affinity states, and yet it is small enough (approx. 16 kDa) for detailed study by NMR relaxation dispersion methods. I now discuss findings on CheY dynamics as they pertain to allostery.
An interesting reason for studying CheY switching dynamics derives from earlier crystallography studies. Although numerous published studies have been critical to defining the primary inactive and active states and the conformational change model (Lee et al. 2001; Simonovic and Volz 2001; Volz and Matsumura 1991) , a study by Dyer and Dahlquist focused on CheY conformations that fall in-between the fully inactive and active conformations (Dyer and Dahlquist 2006) . The presence of these intermediate conformations suggests that CheY's allosteric conformational change may involve more than two states. Complementing this, molecular dynamics simulations on CheY's conformational change trajectory showed that different key regions that undergo significant movement during the inactive-active transition can move independently (Ma and Cui 2007) .
The attractiveness of NMR relaxation studies on CheY is that such studies have the potential to experimentally integrate the structural questions raised by the observed intermediate states with the dynamics and timescales associated with the conformational change(s) as observed in the molecular dynamics simulations. Our research group thus undertook CPMG relaxation dispersion studies of unphosphorylated CheY since this state appears to sample the active conformation at a low population (Schuster et al. 2001; Volz and Matsumura 1991) , analogous to NtrC (Volkman et al. 2001) . ) to be characterized (see Fig. 1 ). Applied to CheY, these experiments revealed motion on this timescale at locations distributed throughout regions known to undergo conformational change, and little μs-ms motion was detected elsewhere (Fig. 2a) . Assuming twostate conformational switching, analysis of CPMG relaxation dispersion under favorable conditions allows determination of the overall rate constant for switching (k ex = k fwd + k rev ), of the equilibrium populations (p maj and p min ), and of the chemical shift difference between the major and minor states (Δω). For the CheY residues along the allosteric pathway that exhibited pronounced dispersion curves (Fig. 2) , two-state fitting yielded these parameters for each residue. The key finding from this analysis was that the values of k ex (and also p maj / p min ) varied considerably among the residues, from approximately 300 to 3000 s . This result suggested that intrinsic conformational switching of CheY is not two-state and concerted, as would be expected from a Monod-WymanChangeux (MWC) model of allostery and which also has been the prevailing conceptual framework for receiver domain activation/allostery and many other allosteric systems. Two additional factors are consistent with the non-uniform k ex values that argue against simple two-state switching: (1) fitted Δω values did not agree with the known difference in 15 N chemical shifts (Δδ) based on assigning the shifts for the inactive and active states of CheY (Fig. 2c) ; (2) the relaxation dispersion data could not be satisfactorily fitted when residues were grouped together (i.e., having shared k ex and p maj /p min values). Based on these results, CheY switching appears to be more complex. Unfortunately, insufficient data were collected to fit rigorously to three-state models of switching. Further analysis of chemical shifts of various CheY states led to the proposal that even though switching is not concerted, multiple sub-regions may switch as two-state concerted elements; this was described as Bsegmental switching ( McDonald et al. 2012 ).
In summary, the NMR-based work in McDonald et al. (2012) showed that intrinsic allosteric conformational switching is a complex dynamic event (or collection of smaller events) that can be quantitatively characterized at the residue level by NMR CPMG relaxation dispersion. These measurements indicate that the allosteric switching does not conform to MWC-type concerted, two-state switching but rather undergoes a more complex switching mechanism that may be segmental in nature, characterized by a variety of clustered residues m oving with different t ime constants. Fig. 1 Schematic overview of Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion. a Relation of pulse sequence to two-dimensional (2D) peak intensity. CPMG relaxation dispersion is collected in a 2D heteronuclear single quantum correlation (HSQC) format, with 90°and 180°pulses shown as thin and thick black bars, respectively. Multiple 2D spectra are acquired with different values of τ cp and n such that the total CPMG time (n times the duration within the backets shown in Figure 1a ) is constant. For residues undergoing chemical shift exchange (e.g., conformational exchange) on the microsecond to millisecond (μs-ms) timescale, peak intensities diminish as τ cp increases because of an increase in line broadening due to chemical exchange. Rapid 180°pulsing suppresses 15 N transverse relaxation (R 2,effective ), leading to stronger peak intensities. b Theoretical CPMG relaxation dispersion plot, in which R 2,eff is plotted as a function of 1/τ cp for a two-state chemical shift exchange. R 2,eff can be calculated directly from intensities of BA^state peaks (Mulder et al. 2001) . Data are shown at 500 and 700 MHz. Curves were calculated for population of A and B states of 95 and 5 %, respectively, an exchange rate value (k ex ) of 700 s −1 (sum of forward and reverse rate constants), and a difference in Characterizing the structural and temporal aspects of conformational change mechanisms will provide us with a deeper understanding of allostery and may allow for allostery to be rationally designed into proteins or for intermediate states to be exploited in drug/ligand design.
Dynamic allostery in PDZ3 from PSD-95 PDZ domains and PDZ3 from PSD-95
In 1999, Ranganathan and coworkers published a provocative paper showing that from a multiple sequence alignment of a protein family, residue covariation could be used to track evolutionarily conserved Bpathways^that connect structurally distant sites (Lockless and Ranganathan 1999) . This approach is now known as statistical coupling analysis (SCA) and, remarkably, in that initial study the statistical couplings generally correlated with thermodynamic couplings between residue pairs, as measured from double mutant cycles. This study and the original SCA methodology have been subject to continuous debate, but this was an important study in terms of the idea of a Bcommunication pathway^, and it therefore provided stimulation for both experimental and computational research, including our work on PDZ domains. The protein in which the thermodynamic coupling measurements were made was the third PDZ domain (BPDZ3^) from the synaptic scaffolding protein postsynaptic density-95 (PSD-95). PDZ3 is also the first PDZ domain to have its structure determined by X-ray crystallography (Doyle et al. 1996; Morais Cabral et al. 1996) and, therefore, it has probably become the most studied PDZ domain out of the approximately 270 PDZ domains in the human genome. In particular, it has been the subject of numerous computational studies focusing on the transmission of dynamics through protein structure.
PDZ domains are globular proteins composed of approximately 80-90 residus that fold up into a curved β-sheet formed from five to six strands and, typically, two α-helices (Ernst et al. 2014; Ye and Zhang 2013) . They are often found in tandem arrays in signaling proteins operating near cell McDonald et al. (2012) membranes. Their primary function is binding C-terminal tails of other proteins, in some cases membrane receptors which are thereby tethered via PDZ scaffolding. PDZ domains bind their C-terminal ligands through specific recognition of four to six-but in some cases as many as nine-residues (Birrane et al. 2003; Erlendsson et al. 2014; Feng et al. 2008 ). Cterminal ligands bind at a shallow groove of the PDZ domain between β-strand 2 and α-helix 2, in a backbone hydrogen bonding pattern that extends the antiparallel sheet by one strand and introduces hydrophobic interactions between PDZ and the ligand.
In hindsight, the early X-ray structures of PDZ3 were unusual for PDZ domains. Although not always shown in the figures, PDZ3 contains a third α-helix (residues 394-399) that packs against the conserved, core PDZ structure. In addition, these early PDZ3 structures contained additional C-terminal residues that formed a β-hairpin, although those residues derive from a cloning artifact and are, in fact, not part of PSD-95. Because α3 is located away from the observed binding site in these structures, this Bextradomain structure^did not appear to serve any particular function, although since then it has been shown that this helix influences PDZ3 function. Interestingly, in recent years the presence of a third helix has been discovered in a modest fraction of other PDZ domains (Wang et al. 2010 ).
Dynamic allostery in PDZ3, conferred by the α3 helix
The role of the α3-helix in PSD-95 PDZ3 was first probed by truncation of residues 396-402 (Petit et al. 2009 ). These residues are the seven C-terminal residues of the canonical PDZ3 construct studied by Ranganathan (Lockless and Ranganathan 1999) , with residue 402 being the last wild-type residue in the constructs used for crystallographic structures (Doyle et al. 1996) . This truncated PDZ3, referred to here as PDZ3 , was found to bind to the canonical C-terminal peptide ligand from CRIPT (the 9-mer Ac-TKNYKQTSV) with a 21-fold lower affinity ( et al. 2009 ). Although there is currently no structure of PDZ3 303-395 bound to peptide ligand, peptide binding to PDZ3 containing α3 results in only negligible changes in PDZ3 structure (Doyle et al. 1996) . More recent experiments, published by the Martinez laboratory and unpublished from the author's laboratory, have shown PDZ3
303-395 to be stably folded at 25°C and physiological pH ranges (MurcianoCalles et al. 2014) . Also, comparison of Nuclear Overhauser effect spectroscopy (NOESY) data from PDZ3 303-395 and PDZ3 indicate that the NOE patterns within the PDZ3 core domain are essentially unchanged (unpublished data), consistent with these two PDZ3 cores having indistinguishable structural properties in solution at 25°C. Given that the timeaveraged structures of PDZ3 appear to be very similar-either in the absence or presence of the Cterminal ligand-and α3 that does not make direct contact with the C-terminal ligand, how can the 21-fold difference in binding affinity be explained? Stated differently, what is the basis for allostery if α3 is considered to be an effector?
To address this question, other facets of peptide binding were studied (Petit et al. 2009 ). Isothermal titration calorimetry (ITC) was used to determine K d (equilibrium dissociation constant) values, but this method also allows determination of ΔH and ΔS for the binding event. Table 1 shows these thermodynamic parameters for both forms of PDZ3. While both PDZ3 forms bind to the CRIPT peptide in an enthalpically driven manner, ΔH for the binding peptide is essentially unchanged upon deletion of the α3-helix. Rather, it is a larger -TΔS value that is responsible for the higher K d for PDZ3 . Because of scant evidence for a structural explanation for the difference in binding affinities between the +α3 and -α3 PDZ3 forms, dynamics measurements were made on the free and bound forms of PDZ3 303-402 and PDZ3 303-395 using NMR spin relaxation. Relaxation studies focused on the ps-ns timescale because PDZ3 constructs show very little motion on the slower μs-ms timescales. Backbone dynamics were characterized using 15 N R 1 , R 2 , and heteronuclear NOE measurements, which were interpreted within the Lipari-Szabo Bmodel-freef ormalism as so-called Border parameters,^or S 2 . The order parameter is essentially a parameter of rigidity that varies on a scale of 0 to 1 and which corresponds to an individual bond vector. For NMR relaxation it encompasses reorientational motions of the bond vector (e.g., NH) occurring on the ps scale (and faster) and up to just below the characteristic time for molecular tumbling, which in the case of PDZ3 is approximately 7 ns. Thus, S 2 provides a measure of the amplitude of reorientational motion on the ps-ns timescale. Backbone NH order parameters were determined for all four states of PDZ3. While there are clearly some differences in S 2 that indicate some change in backbone dynamics, overall the differences are rather small, as is often seen for backbone dynamics (Clarkson and Lee 2004; Lee et al. 2000) . Ps-ns side-chain dynamics were characterized using 2 H-labeled methyl relaxation (Igumenova et al. 2006; Muhandiram et al. 1995; Petit and Lee 2014) , which affords order parameters of the methyl symmetry axis (collinear with C-CH 3 bond vector), S 2 axis (Igumenova et al. 2006) . In contrast to the backbone, there is significantly more variability in the methyl S 2 axis parameters as a function of the ± α3 and ± CRIPT peptide. Considering the unbound forms, removal of α3 has the effect of increasing ps-ns side-chain dynamics, as indicated by the approximately~0.1 lower S 2 axis values of PDZ3 303-395 compared to PDZ3 for nearly all methyl groups observed (Fig. 3b) . Upon binding CRIPT 9-mer peptide, S 2 axis values in PDZ3 303-402 show both positive and negative changes locally, with little overall change in side-chain dynamics (Petit et al. 2009 ). However, CRIPT binding to PDZ3 leads to a large overall increase in S 2 axis values to a level comparable with those of PDZ3 (Fig. 3c) . Thus, unlike Bnormal^PDZ3
303-402
, PDZ3
303-395 undergoes significant rigidification upon binding the peptide ligand, and there is an expected entropic penalty for doing so because of the loss of conformational entropy associated with an increase in order parameters. We refer the reader to a recent review by Wand for indepth discussion of the relationship between order parameters and conformational entropy (Wand 2013) .
The structural, thermodynamic, and dynamics data on PDZ3 suggest an explanation for how the α3 helix can regulate peptide binding. The most obvious mechanism of an allosteric conformational change in the PDZ core appears not to be supported by the experimental data (see above). Given the lack of a clear structural explanation, it is noteworthy that there is an approximately 2.3 kcal/mol difference in TΔS for binding peptide to PDZ3 and PDZ3 303-395 and a negligible difference in ΔH for the two forms (Table 1) . Because the entropy change is less favorable (−TΔS is more positive) for PDZ3 , this represents an entropy penalty that is qualitatively well explained by the loss of side-chain entropy, observed as described above, upon binding peptide. Based on these findings, PDZ3 from PSD-95 serves as an example of Bdynamic allostery^-whereby allostery is achieved through the modulation of conformational entropy, and in this particular example, via side-chain dynamics. In this model of allostery, the physical changes are not merely located in discrete structural regions, but rather they are delocalized throughout the PDZ domain. This type of allosteric mechanism is precisely that postulated by Cooper some 30 years ago (Cooper and Dryden 1984) . It is not easily visualized with static models but rather must be envisioned with the basic understanding that, in principle, entropy can contribute to binding affinity just as it can with enthalpy (Motlagh et al. 2014) . Examples from the Wand and Kalodimos laboratories are particularly striking (Frederick et al. 2007; Tzeng and Kalodimos 2012) . In terms of relating this back to the original SCA study on PDZ3, these findings offer some insight into how a conserved energetic pathway might exist throughout the PDZ family, as well as into how side-chain dynamics may play a role since dynamics can influence peptide binding affinity. However, it is important to realize that this work does not provide a direct assessment of the original SCA study since individual couplings were not measured. Is PDZ3 allostery of biological significance or just proof of principle? Undoubtedly obvious to many readers up to this point is that the Ballostery^under consideration in PDZ3 has been entirely artificial because the α3 Beffector^has only been removed through recombinant DNA methods. Not only is the α3 sequence always present in PDZ3 (and PSD-95) in the cell, but it would presumably always be folded and packed into the PDZ3 domain-indeed, it is conceivably best considered as an inseparable part of the PDZ3 structure in vivo. Even if this were the case, from a biophysical perspective this serves as a useful proof of principle for dynamic allostery. However, mass spectrometry studies have shown that Tyr-397, within α3, is phosphorylated in brain tissue (Ballif et al. 2008 ). This has raised the question of whether somehow α3 can be reversibly perturbed and hence serve as a bona fide effector or allosteric signal transduction site of action. Phosphorylation of Tyr-397 was studied biochemically and biophysically to address this question (Zhang et al. 2011) . Because PDZ 303-402 only has two tyrosine residues, it was straightforward to phosphorylate Tyr-397 and purify this specific phosphorylated form of PDZ3 for ITC and NMR studies. Even though in this study the Cterminal CRIPT peptide ligand was a 7-mer (as opposed to a 9-mer), the same behavior was observed (Table 1) ; namely, phosphorylation reduced the binding affinity of PDZ3, and the effect was observed to be almost entirely in the entropy term. This result showed that peptide ligand binding affinity can be regulated by phosphorylation at a site not known to participate directly in ligand binding.
To see how phosphorylation imparts weaker binding to PDZ3, NMR was used to characterize phosphorylated PDZ3 3 0 3 -4 0 2 (pY 3 97 -PDZ3) for comparison to the unphosphorylated PDZ3 303-402 and PDZ3 303-395 states (Zhang et al. 2011) . The most striking finding was that the pattern of chemical shift perturbations upon phosphorylation bears a striking resemblance to that for removal of the α3 helix. Closer inspection of tow dimensional (2D) HSQC overlays showed that many peaks for PDZ3 , PDZ3 , and pY 397 -PDZ3 fell into a linear pattern, with the pY 397 -PDZ3 falling in the middle position. Such behavior is a clear signature of an equilibrium between two states in rapid exchange on the NMR timescale. In fact, the end states are wellcharacterized: they are the highly structured PDZ3 domain with α3 stably packed and the structured but more dynamic (at the side-chain level) PDZ3 domain lacking α3. With the pY 397 -PDZ3 peak falling roughly in the middle of these end peaks, phosphorylation at Tyr-397 can be considered to induce the undocking of α3 from the PDZ3 core, with redocking occurring with roughly equal probability on a submillisecond timescale. The α3-undocked state therefore mimics the dynamic PDZ3 form and likewise has a lower binding affinity. The effect is dampened in the K d values because approximately one-half of the population is presumably in the high-affinity form (Table 1) . In summary, the characterization of suggests that truncation of the α3-helix (i.e., PDZ ) serves as a mimic of the α3-undocked, phosphorylated PDZ3 domain which appears to exist in vivo. This suggests yet further that the dynamic allostery observed using PDZ3 303-395 may have biological significance, although precisely what this biological significance is is currently not known. It may, however, be the subject for future studies.
Computational studies of PDZ3 suggest a role for transient interactions
Since the reporting of α3 and its role in dynamic allostery in PDZ3 (Petit et al. 2009) , there have been a number of studies that examined the allosteric basis in more detail. Here, I first discuss the computational studies on PDZ3, then the experimental studies. In one of the first computational studies of PDZ3 and the role of α3 in regulating CRIPT binding, the free and bound states of PDZ3 were simulated using molecular dynamics (Mostarda et al. 2012) . From these simulations, the α3 salt bridges that are evident in the original PDZ3 structures (1BFE, 1BE9), R399-E334 and E401-K355, appear to have a role in stabilizing PDZ3 core elements that become more flexible upon truncation of α3. In the truncated PDZ3 , the backbone atoms of the β2-β3 loop, the carboxylate binding loop (318-323), and residues 342-357 increase in flexibility on a timescale of approximately 100 ns. In addition, two acidic residues in the β2-β3 loop make transient interactions with CRIPT peptide lysine residues at the −4 and −7 positions, residues that are not observed in the crystal structures due to flexibility. Intermolecular contact between some combinations of these residues is observed 44 % of the time in these simulations. Based on these observations, the authors proposed that the α3 helix influences Cterminal ligand binding by stabilizing the β2-β3 loop which makes transient contacts with the ligand and by indirectly stabilizing the carboxylate binding loop. Consistent with the notion of allostery, the simulations revealed no direct interactions between α3 and the CRIPT 9-mer peptide. Also consistent with a direct role of dynamics in allostery, these authors observed increased dynamics in PDZ3 upon truncation of α3. However, this study looked only at backbone dynamics-not side-chain dynamics. Interestingly, the enhanced backbone flexibility in PDZ3 was only observed on the slower timescale of approximately100 ns and longer. One possibility is that the conformational entropy that is quenched upon ligand binding is present on slow timescales for backbone atoms and on faster timescales for side-chain atoms. Further study will be required to resolve these questions.
In a separate interesting computational study, Steiner and Caflisch (2012) focused on dynamic conformational switching in PDZ3 . In that study, the authors observed that PDZ3 303-402 samples three major conformational Bbasins^during a total simulation time of 650 ns, thus showing that the native state contains these three basins. The conformational basins (BA,^BB,^and BC^) differ by the relative orientation of the α2 helix and the β3 strand, which together form the shallow binding groove for PDZ ligands. Upon binding CRIPT peptide, PDZ3 remains strictly in the BA^basin. Thus, PDZ3
303-402 undergoes conformational selection to some degree. Even though the complex was made using a 5-mer of CRIPT peptide, the peptide remains bound to PDZ3, unlike in the previously described study of Mostarda et al. (2012) . Especially interesting in this study is that the salt bridges (e.g., R399-E334, R399-E331) correlate strongly with transitions between the three basins.
Experimental studies of PDZ3 probing ligand residues −4 to −9
In 2010, Martinez and coworkers solved the crystal structure of PDZ3 without the additional C-terminal (after position 402, see above) cloning artifact sequences (Camara-Artigas et al. 2010) . Two crystal forms were obtained that yielded similar findings. Interestingly, crystallized PDZ3 underwent succinimide ring formation at D332 in the important β2-β3 loop, although the lifetime of the succinimide group is only approximately 1 h in solution (Murciano-Calles et al. 2014) . With the artificial structure from the C-terminal residues removed, α3 relaxes, changing the positioning of some of the side chains. As a result, α3 and the β2-β3 loop move approximately 3 Å closer, relative to the original PDZ3 structures. These new structures raise the question once again of whether a simpler structural explanation exists for how α3 affects ligand binding. For example, a new interaction which had not been seen previously is that between the side chain of E401 and the side chain of E334 in the β2-β3 loop. It is not clear if the newly observed structural interactions are due to the use of a natural PDZ3 construct, succinimide group formation (and β2-β3 rigidification), or both. Furthermore, because this construct has not been crystallized with peptide ligand, potentially different interactions between PDZ3 and ligand remain unknown.
In an interesting study by Jemth and coworkers, NMR evidence was presented that implicates CRIPT residues that are N-terminal to position −4 in making interactions with PDZ3 (Chi et al. 2012 ). This could potentially provide a direct mechanism for at least part of the loss of binding strength upon truncation of α3 if those N-terminal residues interact favorably with α3. The primary finding was the observation of weak NOEs to a ring proton on tyrosine at the −5 position of CRIPT; the NOEs were hypothesized (but not confirmed) to originate from PDZ3 protons, which would be consistent with the patterns of chemical shift perturbations observed in the peptide (9-mer) upon addition of PDZ3 (Chi et al. 2012 ).
A few caveats should be mentioned for the hypothesis that direct interactions between N-terminal CRIPT residues and α3 residues contribute to the Bhigh^affinity between PDZ3 303-402 and CRIPT. First, in contrast to the original study by Petit et al. (2009) which was carried out at 25°C, these NMR studies were performed at 5-10°C since raising the temperature decreased the quality of the spectra. Second, it is not clear exactly what PDZ3 construct was used in the Jemth study (Chi et al. 2012) . Prior studies from the same laboratory used a F337W mutation (which is located at the interface with α3) and a PDZ3 construct that terminates at E401. Prior studies also use an N-terminal poly-histidine tag, which could conceivably change interactions with α3-bound peptide, or the exposed interface upon α3 deletion, relative to the natural PDZ3 N-terminal/linker residues. Third, the originating protons to the NOEs observed to Y(−5) when bound to PDZ3 were not assigned, and the authors state that these could be from either PDZ3 or CRIPT side-chains. Nevertheless, these studies should help to gain a more complete understanding of PDZ3-ligand interactions.
A recurring theme arising from these recent experimental and computational studies is the existence of transient interactions that contribute to binding affinity. Although transient interactions are more difficult to detect than stable interactions, further progress towards understanding the unusual ligand affinity effects observed in the PSD-95-PDZ3 system are likely to involve better characterization of these transient interactions, including how these may change with temperature. More broadly, it will be interesting to see future examples of conformational entropy entering into the thermodynamics of protein-protein and protein-ligand interactions. It is noted that the atypical α3 element is conserved in other PDZ3 domains for the PSD-95 homologs SAP97, SAP102, PSD-93, and the Drosophila protein Dlg. In NHERF1, the second PDZ domain has a more extensive extra-domain structure consisting of a helix-turn-helix motif, which confers approximately a tenfold increase in ligand binding affinity, similar to PDZ3 (Bhattacharya et al. 2010) . Strikingly, a comprehensive study by Zhang and coworkers indicates that approximately 30 % of all PDZ domains possess extra-domain structures (Wang et al. 2010) . Further characterization of the role of these extra-domain structures-in PDZ and non-PDZ proteins alike-as well as of dynamic allostery will be of great interest to protein biophysics in the future.
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